A novel approach has been demonstrated to construct biocompatible, macroporous 3-D tissue engineering scaffolds containing a continuous macroscopic gradient in composition that yields a stiffness gradient along the axis of the scaffold. Polymeric microspheres, made of poly(D,L-lacticco-glycolic acid) (PLGA), and composite microspheres encapsulating a higher stiffness nanophase material (PLGA encapsulating CaCO 3 or TiO 2 nanoparticles) were used for the construction of microsphere-based scaffolds. Using controlled infusion of polymeric and composite microspheres, gradient scaffolds displaying an anisotropic macroscopic distribution of CaCO 3 / TiO 2 were fabricated via an ethanol sintering technique. The controllable mechanical characteristics and biocompatible nature of these scaffolds warrants further investigation for interfacial tissue engineering applications.
Introduction
Continuous transitional gradients in cellular-extracellular architecture exist throughout the human body, within tissues and at tissue interfaces, to satisfy spatially diverse functional needs.1 -2 Interfacial tissue engineering, an emerging field that focuses on regenerating interfaces between the tissues (e.g., bone-cartilage, muscle-tendon, etc.), is a strategic approach to create functional tissue interfaces that 1) may resolve the issues of graft failure at the interface, and 2) may be able to provide mutually inductive endogenous signals from the adjacent tissues that are involved during tissue formation in vivo. 2 In certain cases, interfacial tissue engineering may also provide an alternative to tissue adhesives,3 -4 where bridging a tissue-engineered prosthetic/biomaterial to a native tissue could be achieved by successful integration of one (or both) end(s) of the tissue-engineered substrate directly with the native tissue to facilitate regeneration. Approaches to engineer tissue interfaces, to date, have largely focused on creating graded-structures (e.g., biphasic, triphasic) in cellular/ biomaterial composition, which do not closely mimic the continuous transitions of native tissues, a design limitation that may lead to stress concentrations at each interface and eventual failure of the implant.1 -2 Delivery of genes or growth factors in a continuous gradient manner across a tissue engineering scaffold via biomaterials is a relatively new avenue of research to engineer heterogeneous tissue substrates, where gradation in material properties may be achieved via matrix deposition in vitro or in vivo. 1 An alternative approach could be to utilize a threedimensional scaffold that contains a continuous gradient in mechanical properties from the beginning, as a functional substrate or a functional implant. Various approaches used to create continuous gradient scaffolds at macro-and micro-scales include diffusion-based or controlled photopolymerization processes, where gradients are generated by altering the cross-linker concentration via diffusion or by controlled photo-exposure (using a gradient photomask or by varying photo-exposure time).5 -9 A major limitation is that these approaches are primarily restricted to the construction of 2-D gel-based substrates. Here, we demonstrate a novel approach to construct biocompatible, macroporous 3-D tissue engineering scaffolds containing a continuous gradient in stiffness. Using polymeric microspheres, made of poly(D,L-lactic-co-glycolic acid) (PLGA), and composite microspheres encapsulating a higher stiffness nano-phase material (PLGA encapsulating CaCO 3 or TiO 2 nanoparticles), microsphere-based homogeneous and gradient scaffolds were constructed. The controllable mechanical characteristics and biocompatible nature of these scaffolds make them an attractive alternative for a variety of interfacial tissue engineering applications.
Materials and Methods

Materials
PLGA (50:50) (inherent viscosity: 0.36 dL/g) was purchased from Lakeshore Biomaterials. CaCO 3 nanoparticles (SOCAL® 31, mean particle size 70 nm) were generously donated by Solvay Chemicals. TiO 2 nanoparticles (<100 nm (Brunauer-Emmett-Teller method)) were purchased from Sigma. Poly(vinyl alcohol) (PVA; 88% hydrolyzed, 25,000 Da) was obtained from Polysciences, Inc. Rhodamine B was purchased from MP Biomedicals, Inc. All cell culture media were supplied by Invitrogen, unless otherwise stated. Dichloromethane (DCM; high pressure liquid chromatography grade) was obtained from Fisher Scientific (Pittsburgh, PA). Ethanol (Absolute -200 Proof) was obtained in house.
Preparation of microspheres
Uniform microspheres were prepared using technology from our previous reports.10 -12 Briefly, PLGA dissolved in DCM (20% w/v) was sprayed through a small-gauge needle. Using acoustic excitation produced by an ultrasonic transducer, regular jet instabilities were created in the polymer stream that produced uniform polymer droplets. An annular carrier non-solvent stream (0.5% PVA w/v in distilled water (ddH 2 O)) surrounding the droplets was produced using a nozzle coaxial to the needle. The emanated polymer/carrier streams flowed into a beaker containing the non-solvent. Incipient polymer droplets were stirred for 3-4 h to allow solvent evaporation, which were then filtered and rinsed with ddH 2 O to remove residual PVA. Finally, microspheres were lyophilized for ca. 2 days and stored at −20°C under desiccant. Composite microspheres were prepared likewise, where the polymer stream was replaced with a composite stream that also contained a nano-phase material (CaCO 3 or TiO 2 ) suspended in the PLGA/DCM solution (sonicated at 50% amplitude for 1 min; in different proportions, % by weight). In a similar manner, fluorescent dye-loaded microspheres were prepared by using a PLGA solution (~20% w/v in DCM) codissolved with rhodamine B.
Preparation of scaffolds
Gradient scaffolds were prepared in a manner described earlier.11 Briefly, two sets of lyophilized microspheres (rhodamine B-loaded PLGA microspheres and 90:10 PLGA:CaCO 3 microspheres) were dispersed in ddH 2 O at 2.5 % w/v, and separately loaded into two syringes. The suspensions were pumped into a cylindrical glass mold (6 mm diameter, ~ 100 mm height) in a controlled manner using programmable syringe pumps (PHD 22/2000, Harvard Apparatus, Inc.). Using an additional infusion syringe pump and a vacuum pump, a constant level of distilled water was maintained in the mold. Using a filter (particle retention > 3µm) at the bottom of the mold, ddH 2 O passed through, while the microparticles stacked in the mold. The stacked microspheres were then sintered using an ethanol treatment (100%) for 2 h.11 The molds (containing the scaffolds) were freeze-dried for a ca. 2 days, and then the scaffolds were retrieved from the molds. Using different preparations of microspheres, various homogeneous scaffolds (containing only one type of microsphere) were prepared in a similar manner. The sets of homogenous scaffolds thus produced included scaffolds made of CaCO 3 -loaded microspheres (PLGA:CaCO 3 at mass ratios of 70:30, 80:20, 90:10, 95:5, 100:0), and TiO 2 -loaded microspheres (PLGA:TiO 2 at a mass ratio of 90:10).
Characterization of microspheres and scaffolds
The sizes of the different types of microspheres were determined using a Coulter Multisizer 3 (Beckman Coulter Inc., Fullerton, CA) equipped with a 560-µm aperture. Scanning electron microscopy/ Energy dispersive spectroscopy (SEM/EDS) analysis was performed on intact and cryofractured microspheres using a LEO 1550 field emission scanning electron microscope equipped with an energy dispersive system with a SiLi detector (EDAX, Mahwah, NJ) at 20 kV accelerating voltage, and pixel maps were formed using EDAX genesis software package. Scaffolds prepared using dye-loaded microspheres were imaged under UV light using a UV lamp (254/365 nm; UVGL-25, UVP, Inc., Upland, CA) and a high-resolution camera, and images were analyzed using NIH ImageJ software to assess spatial distribution of the dye molecules.
Mechanical testing
Mechanical characterization of the scaffolds was performed under uniaxial, unconfined compression (Instron Model 5848, Canton, MA; 50 N load cell). The average dimension of the samples and sample size (n) are indicated in Table 1 . Samples were tare-loaded (0.1 N, i.e., ~3.5 kPa), then compressed at a strain rate of 1% s −1 under phosphate buffered saline (0.138 M NaCl, 0.0027 M KCl) at 37 °C. Moduli of elasticity were obtained from the initial linear regions of the stress-strain curves at either 25% strain or the onset of the non-linear region (rationale explained later).11 , 13
Cell Culture and seeding
For the cell culture studies, human umbilical cord mesenhymal stromal cells (hUCMSCs) were selected, as these cells have recently shown potential for musculoskeletal tissue repair. 14 -16 Cells were harvested from one human umbilical cord obtained from the University of Kansas Medical Center (KU Medical Center IRB approval no. 10951, KU-Lawrence IRB approval no. 15402; informed signed consent was obtained prior to the delivery) as described earlier. 17 The cell culture medium consisted of low glucose Dulbecco's Modified Eagle's Medium (DMEM-LG), 10% FBS (Gemini), and 1% penicillin streptomycin (PS). Cells (expanded to passage 4, suspended in 75 µL medium) were seeded onto scaffolds (90:10 mass ratio of PLGA:CaCO 3 ; sterilized using ethylene oxide) drop-wise at a density of 10 × 10 6 cells mL −1 in a 24 well untreated plate, then 1 mL of culture medium was added into wells.
Viability assessment
Cells were cultured for 2 weeks onto scaffolds, with half of the media changed every other day. Subsequently, cell viability was evaluated by staining the scaffolds using a LIVE/ DEAD reagent (2 µM calcein AM, 4 µM ethidium homodimer-1; Molecular Probes) followed by a 45 min incubation at room temperature, before being subjected to fluorescence microscopy (Olympus/Intelligent Innovations Spinning Disk Confocal Microscope).
Statistics
Moduli values obtained at either 25% strain or the onset of the non-linear region were compared using a six-level single factor analysis of variance (ANOVA), followed by a Tukey's Honestly Significant Difference post hoc test when significance was detected.
Results
Microspheres were characterized for their size and morphology (Fig. 1) . Coulter Multisizer size distribution plots demonstrated the high monodispersity of microspheres, with their average diameters each in the range of 130-175 µm following solvent extraction (Fig. 1A) . Morphological assessment of intact and cryofractured microspheres with scanning electron microscopy (SEM) indicated that encapsulation of nano-phase materials led to changes in the typically smooth surface and interior morphology of PLGA microspheres (Fig. 1B , D compared to F). In general, encapsulation of nano-phase CaCO 3 resulted in the formation of submicron-sized pores throughout the microspheres, possibly indicating that a portion of the CaCO 3 leached out of the microspheres during solvent evaporation (Fig. 1B) . In contrast, TiO 2 -encapsulated microspheres displayed a smooth exterior and less porous interior (Fig.  1D ). SEM/EDS was performed to determine the distribution of nano-phase materials within the microspheres qualitatively. The presence of Ca and Ti were each confirmed via EDS. The elemental distribution of Ca and Ti, as observed via SEM/EDS on the surface and interiors of the microspheres, confirmed the presence of CaCO 3 and TiO 2 in respective composite microspheres (Fig. 1C, E) , where agglomeration of nano-phase materials at several locations was evident.
Microsphere-based scaffolds were prepared using an ethanol sintering method, where ethanol was used as an agent to sinter the adjoining microspheres.11 Homogeneous cylindrical scaffolds, prepared using a 2 h duration of ethanol soaking, were characterized for their morphology and cytotoxicity (Fig. 2) . Scanning electron micrographs of a representative scaffold, prepared by sintering the composite microspheres (90:10 PLGA:CaCO 3 ), displayed the typical porous nature of the scaffold and microsphere fusion sites (Fig. 2B-C) . The compatibility of scaffolds with human umbilical cord mesenchymal stromal cells (hUCMSCs) was also assessed. For this study, cells were seeded on the scaffolds (90:10 PLGA:CaCO 3 ) drop-wise, and statically cultured for 2 wks. HUCMSCs inside the scaffolds were imaged by fluorescence imaging of a fractured scaffold using a Live/Dead assay, which demonstrated high cell viability (green fluorescence) (Fig. 2D) .
Gradient scaffolds containing an anisotropic distribution of CaCO 3 /TiO 2 were prepared to demonstrate a continuous gradient of mechanical stiffness within constructs. Using a gradient generation methodology described earlier,11 gradient scaffolds were prepared via controlled infusion of two separately-loaded microsphere suspensions (in ddH 2 O) into a cylindrical glass mold using two programmable syringe pumps followed by an ethanol sintering for 2 h. The pumps were co-programmed to provide a linearly increasing flow profile for one microsphere suspension and a linearly decreasing profile for the other suspension, thus, maintaining a constant overall flow rate. To visualize the gradient, a scaffold was created using dye (Rhodamine B)-loaded PLGA microspheres and composite (90:10 PLGA:CaCO 3 ) microspheres, which were flowed into the mold then fused using a 2 h ethanol soak (Fig. 3) . Two-dimensional image analysis revealed that the fluorescence intensity of white pixels increased in a continuous gradient across the length of the scaffold, indicating an increase in the ratio of composite to dye-loaded microspheres along the axis of the scaffold (Fig. 3A) . To determine the effect of the inclusion of nano-phase materials on the overall properties of the scaffolds, homogeneous scaffolds constructed using different microsphere types were subjected to uniaxial unconfined compression testing. Compression of microsphere-based scaffolds under hydrated conditions results in a typical stress-strain curve, where an initial linear region, representing the matrix stiffness, is followed by a nonlinear pore-collapse regime and a material densification regime, respectively.11 Porecollapse for the composite scaffolds usually began at ~40% strain compared to ~25% strain corresponding to the control PLGA scaffolds. The moduli of elasticity evaluated at a fixed strain value (25% strain) and preceding the onset of pore-collapse (40% for the composite microspheres and 25% for the control microspheres) are reported (Fig. 3B) . The average maximum matrix stiffness, corresponding to the onset of the pore-collapse regime, was found to be higher for the scaffolds prepared using composite microspheres having a higher CaCO 3 content (20% and 30% by wt) compared to the controls. Scaffolds prepared using 90:10 PLGA:CaCO 3 (percent by wt) demonstrated a lower matrix stiffness, in general. The aforementioned differences, however, were found not to be statistically significant. Compared to control PLGA scaffolds, scaffolds prepared using 95:5 PLGA:CaCO 3 also demonstrated a lower matrix stiffness. The difference in moduli measured at 25% strain was found to be statistically significant (p < 0.05).
Discussion
Various methods to fabricate microsphere-based scaffolds have been investigated in the past, including heat-sintering,18 -19 a solvent vapor treatment (dichloromethane),20 -21 a solvent/non-solvent sintering method (acetone and ethanol treatment),22 -23 or a nonsolvent sintering technique (ethanol treatment).11 The primary impetus to use microspheres as the building blocks of a scaffold is the versatility that the microspheres provide in controlling the release kinetics of encapsulated factors. Moreover, heterogeneous arrangement of two different types of microspheres along the axis of the scaffold may allow macroscopic spatial control over the scaffold morphology or spatiotemporal control over the delivery of encapsulated factors. In this regard, microsphere size is a major determinant of polymer degradation rate, and is a primary factor governing the release kinetics of loaded molecules. 24 In the present study, PLGA/composite microspheres were prepared via an emulsion/solvent extraction method using technology from our previous reports, resulting in a relatively monodisperse microsphere size distribution compared to traditional microsphere fabrication techniques.11 -12 Composite suspensions were prepared by dispersing nanophase materials in a PLGA solution (dissolved in dichloromethane (DCM)) in different proportions. Controlled regular jet instabilities created by an ultrasonic transducer resulted in cleaving the polymer/composite stream into uniform droplets that hardened into microspheres following solvent extraction.11 The microspheres thus produced were highly monodisperse (Fig. 1) .
To translate the use of microsphere-based scaffolds for interfacial tissue engineering, this study investigated a method to create gradient scaffolds that exhibited a continuous gradient in the composition. Using polymeric microspheres, made of poly(D,L-lactic-co-glycolic acid) (PLGA), and composite microspheres encapsulating a higher stiffness nano-phase material (PLGA encapsulating CaCO 3 or TiO 2 nanoparticles), microsphere-based homogeneous and gradient scaffolds were constructed. An ethanol sintering method was used to prepare the scaffolds,11 where reptation of the polymeric chains at the site of contact was hypothesized to lead to the sintering of the adjoining microspheres. In our previous study, the duration of ethanol sintering was found to be an important process parameter affecting the extent of sintering of PLGA microspheres, where a 1 -2 h ethanol soak resulted in higher average elastic moduli of the resulting scaffolds compared to a 30 min ethanol soak (around 300 KPa and 150 KPa, respectively).11 In the present study, the average stiffness of the PLGA scaffolds (control group) prepared using a 2 h ethanol soak was found to be consistent with the previous observation (~300 KPa). Our previous study, however, differed from the current study in the intrinsic viscosity of the PLGA used (0.36 dL/g vs 0.41 dL/g, respectively). In addition, a proof-of-concept was developed using dye-loaded and blank microspheres for evaluation of the gradient in composition. As the adapted method ascertained limited accuracy due to the semi-quantitative nature of analysis, more accurate quantitative assessment of gradient profiles generated in composition as well as stiffness warrants development of direct measurement techniques.
A limitation of the approach was that mechanical stiffness gradients were not directly measured. Rather, the gradients in stiffness were demonstrated by creating scaffolds of nanocomposite microspheres, which were shown to change the macroscopic stiffness in homogeneous constructs, and then creating scaffolds with a gradual transition from microspheres of one material on one side to microspheres of another material on the other side. Although additional analyses with their own inherent limitations could have been implemented-such as microindentation of points along the surface, dividing extendedlength gradient scaffolds into sections and testing those sections, or marking points along the surface and recording strains under compression by video-their is significance associated with the approach and findings of this study in that it was the first to demonstrate that materials of different stiffness could be continuously transitioned from one side of a scaffold to another using nanocomposite microspheres.
In vitro cell culture studies demonstrated the feasibility of utilizing these matrices for in vitro tissue engineering. The cell viability observed in the representative homogeneous composite scaffolds provided preliminary evidence for the suitability of these scaffolds for in vitro tissue engineering. However, future efforts will be needed to perform a comprehensive quantitative evaluation of cell survival and matrix synthesis as a function of type, size and encapsulated content of nano-phase material.
In the present study, although the inclusion of nano-phase materials in the microspheres was expected to lead to an increase in stiffness of the microspheres, the overall average stiffness of the composite scaffolds was found to be lower compared to control PLGA scaffolds at a fixed strain value (25% strain) (Fig. 3) . This suggested that the presence of the nano-phase materials interfered with the ethanol sintering process, resulting in a lower extent of sintering of composite microspheres for a 2 h ethanol-soak, and likely a higher porosity, compared to the control PLGA microspheres. It is possible that the surface modifications resulting from the incorporation of nano-phase materials led to a decrease in the extent of sintering of the composite microspheres by adversely affecting the polymer reptation near the contact sites, thus yielding a lower stiffness of the scaffolds. Scaffold morphology as observed by SEM substantiated this hypothesis, where a decreased extent of sintering was visualized for scaffolds made of 90:10 PLGA:CaCO 3 microspheres compared to control PLGA scaffolds (compare Fig. 2 A vs. B) . For composite microspheres, increasing the relative content of CaCO 3 , however, led to an increase in the average scaffold stiffness. In addition, scaffolds constructed using TiO 2 -encapsulated microspheres displayed a higher average stiffness compared to scaffolds with CaCO 3 -encapsulated microspheres. Moreover, inclusion of a nano-phase material (CaCO 3 or TiO 2 at 10 % (wt/wt) or higher) and subsequent ethanol sintering for 2 h resulted in a higher average stiffness of the scaffold (in the range of 150 -400 KPa), compared to a 30 min ethanol soak of PLGA microspheres in a previous study, which appeared to have a similar degree of sintering.11 These results are suggestive that the extent of sintering (e.g., duration of ethanol exposure) is an important factor, possibly more dominating than the composition of the microspheres under certain conditions, for the overall integrity of the scaffold, and both can be selectively altered to tailor the mechanical properties of the scaffold. Future studies will be conducted to investigate the effect of the extent of sintering at a given composition of nano-phase material to PLGA as well as evaluation of other nanophase materials such as hydroxyapatite.
Conclusion
Using composite microspheres (containing nano-phase CaCO 3/ TiO 2 ) and polymeric microspheres, a method to prepare scaffolds containing a gradient distribution in the nanophase material was demonstrated. The extent of sintering, composition of the microspheres and the relative content of the two microsphere types can be selectively varied to alter the stiffness of the matrix to create regular and inverse-gradients in mechanical properties. The approach described here presents biocompatible and porous macroscopic 3-D scaffolds with controllable mechanical propertie s for tissue engineering, and gradient scaffolds that may be particularly useful for interfacial tissue regeneration. Integration of controlled release strategies (e.g., growth factors) via microspheres would be straightforward and can be extended to the fabrication of acellular implantable devices for translational tissue regeneration applications. (A) SEM micrographs of a scaffold prepared by sintering PLGA microspheres using ethanol sintering for 2 h. (B, C) Characteristic SEM micrographs of a scaffold, prepared by sintering the microspheres (90:10 PLGA:CaCO 3 ) using ethanol sintering for 2 h, displaying the porous nature of the scaffold (A) and typical microsphere connection sites (B). Scale bar: 100 and 50 µm for A and B, respectively. (D) Live-dead images of human umbilical cord mesenchymal stromal cells cultured on these scaffolds for a period of 2 weeks, demonstrating high viability (green = live, red = dead). The representative images of cells in a 100 µm thick section (left) and a single plane (right) were taken from an interior section of a scaffold fractured cross-sectionally, where the spatial relationship between the cells and the microspheres (dark regions) can be visualized. Scale bar: 100 µm (C). (A) A proof-of-concept gradient scaffold prepared using dye (Rhodamine B)-loaded PLGA microspheres and 90:10 PLGA:CaCO 3 microspheres using a 2 h ethanol soak. The image was taken under UV light using a UV lamp (254/365 nm; UVGL-25, UVP, Inc.) and a highresolution camera, and analyzed using NIH ImageJ software to plot relative intensity as a function of pixel distance. (n = 5) (B) Moduli of elasticity of the homogeneous scaffolds prepared using different types of microspheres (means and standard deviations, n = 4, except for groups with 5%, 10% and 20% CaCO 3 (n = 3)). The moduli were obtained from the initial linear regions of the stress-train curve: 1) at 25% strain (preceding the onset of porecollapse for PLGA scaffolds), and 2) preceding the onset of pore-collapse, in general (at 40% strain for composite scaffolds). Surface modifications (see Fig. 1 ) that resulted due to the incorporation of nano-phase materials led to a decrease in the extent of sintering of the composite microspheres compared to the control PLGA microspheres for a 2 h ethanol-soak. * indicates that the difference was statistically significant (p < 0.05).
